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Abstract 
Much attention has been paid to the handling of metallic nuclear fuel, which can offer a safe and more secure fuel cycle. To 
ensure this, it is essential to gain a thorough understanding of the related fundamental processes to scientifically assess the 
safety aspects. To this aim, a pyrochemical process for the recycling of actinides is being investigated in ITU. It is consisting 
of anodic dissolution of all actinides to a molten salt bath and electrochemical reduction on solid aluminium cathodes forming 
actinide-aluminium alloys. For the recovery of the Actinides a chlorination route is proposed consisting of the distillation of 
the adhered salt, the chlorination of the actinide-aluminium alloys by HCl(g) or Cl2(g) and possibly the sublimation of 
remaining AlCl3. In this work the chlorination step was studied by chlorinating UAl3 alloys by HCl(g).  
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1. Thermodynamic survey 
In this study the chlorination route for the recycling of uranium from uranium-aluminium alloys was investigated. 
As a first step the optimal reaction conditions were initially evaluated by thermodynamic calculations for various 
chlorination temperatures and HCl / UAl3 molar ratios. The aim was to fully chlorinate the alloys without 
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volatilisation of uranium as UCl4(g), UCl5(g) or UCl6(g). The equilibrium module of the HSC Chemistry 6.0 
software was used. The software uses the Gibbs energy minimization method. At a fixed mass balance, constant 
temperature and pressure, the software looks at different phases and finds the phase combination, where the 
Gibbs energy of the system reaches its minimum. The mathematical method is described in [1]. Beside the large 
database already included in HSC Chemistry, additional data was added for the uranium chlorides. Table 1 
summarises the used sources.  
Table 1 References and available data of the uranium chlorides 
Compound Solid Gas Ref. 
UCl  X [2] 
UCl2  X [2] 
UCl3 X X [2] 
UCl4 X X [2] 
UCl5 X X [2] 
UCl6  X [2] 
 
Table 2 Gibbs energy of various reactions at 300 °C 
Reaction  ǻG  (kJ) 
  573,15K 
1/13 UAl3(s) + HCl(g) = 1/13 UCl4(s) + 3/13 AlCl3(g) + 1/2 H2(g) -87 
1/10 UAl2(s) + HCl(g) = 1/10 UCl4(s) + 3/10 AlCl3(g) + 1/2 H2(g) -89 
UCl3(s) +  HCl(g) =  UCl4(s) + 1/2 H2(g) -16 
UCl4(s) + HCl(g) = UCl5(s) + 1/2 H2(g) 114 
UCl5(s) + HCl(g) =  UCl6(g) + 1/2 H2(g) 105 
1/3 U(s) +  HCl(g) = 1/3 UCl3(s) + 1/2 H2(g) -221 
1/4 U(s) +  HCl(g) = 1/4 UCl4(s) + 1/2 H2(g) -115 
1/3 Al(s) + HCl(g) = 1/3 AlCl3(g) + 1/2 H2(g) -88 
1/3 Al(s) + HCl(g) = 1/3 AlCl3(s) + 1/2 H2(g) -92 
1/3 Al(s) + HCl(g) = 1/6 Al2Cl6(g) + 1/2 H2(g) -189 
 
Calculations of Gibbs energy for various chlorination reactions at 300°C using the reactions module of HSC-
Chemistry were done as a first approach of the possible reactions as seen in Table 2. The reactions were balanced 
with one mole of gas. At this temperature the only gaseous chlorides are UCl6(g), AlCl3(g) and Al2Cl6(g).  
To ensure the best reaction conditions calculations for different fixed molar ratios of HCl / UAl3 were performed: 
for the stoichiometric amount; a ratio of 25 / 1; a ratio of 1500 / 1. The results are shown in Fig. 1.  
 
As shown in Fig. 1 the ratio of HCl / UAl3 should be kept as low as possible, to avoid formation of volatile 
uranium species. While working at a HCl / UAl3 ratio of 25 / 1 the formation of UCl4(g) starts above 400°C. 
According to these calculations the temperature range to be tested experimentally was set to between 300 and 
400 °C. In this temperature range and at a ratio of HCl / UAl3 greater than 25 / 1 the main formed uranium 
species is UCl4(s).  
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Fig. 1: Calculations of the compounds formed at different temperatures for various molar ratios:  
stoichiometric amount; HCl / UAl3 = 25 / 1;  HCl / UAl3 = 1500 / 1 
2. Experimental 
The experimental setup, preparation and analytical procedures have been previously described more detailed in 
[3].  
2.1. Experimental set-up 
The experiments were carried out in a glove box kept under nitrogen atmosphere. The box is equipped with an 
Ar / HCl-gas line and a vertical oven in which a quartz reactor was placed. A thermocouple, a gas outlet and a 
quartz tube was inserted over a gastight connection. The HCl-gas was led through a quartz tube directly above 
the input material. As reaction vessels BN crucibles with an inner diameter of 35 mm were used. The setup is 
described in Fig. 2. Two wash bottles containing 500ml of 4 M and 8 M KOH-solution were connected to the 
outlet to absorb unreacted HCl-gas. The HCl(g) content in the glove box was controlled by a Dräger Polytron 
7000 HCl gas detector.  
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Fig. 2 Quartz reactor 
2.2. Input material UAl3
The starting material was prepared from ITU stock material by arc melting of pure U and Al metals at 1000 °C. 
XRD analysis of the alloy showed a composition of 85 wt.% UAl3 and 15 wt.% UAl2. The brittle alloy was 
crushed in a mortar in order to increase its surface.   
2.3. Analyses
The preparation of the XRD samples was carried out under controlled Ar atmosphere using the following 
procedure: in most cases the samples were homogenised, grinded and embedded in epoxy resin. As the epoxy 
resin reacts with AlCl3, the samples obtained from the reactor lid were treated differently. They were given 
without epoxy resin in a special sample holder, which was covered gastight with a lid. 
The analyses were carried out on a Bruker D8 advanced diffractometer (Bragg Bentano configuration) equipped 
with a Ge (111) incident beam monochromator and a VANTEC position sensitive detector, covering 6° in 2ș. For 
the structure refinement and the quantitative phase analysis by Rietveld method of the prepared materials, the 
XRD patterns were typically collected in the 2ș range of 10-110° (step size of 0.0085°), with an exposure time of 
5 s per step. The samples were rotated during the data collection in order to improve the sample statistic and 
reduce the effects of possible preferred orientation. The total duration of the measurement was 8h. The fitting and 
refinement were performed using the TOPAS software (Version 4.2) and the ICSD Database. 
2.4. HCl-Chlorination  
In all experiments the reactor was heated under argon, filled with HCl-gas and isolated for the given chlorination 
time.  
Experiments were carried out at temperatures of 300, 350 and 400 °C at a constant HCl/UAl3 ratio of 25/1. At 
300 and 350 °C two runs of 20 h each were carried out. At 350 °C an additional experiment with runs of 2 h each 
were done. At 400 °C only one run of 20 h was done due to volatilization of uranium chlorides.  
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For each first run about 300 mg starting material was used, which led to an HCl/UAl3 ratio of 25/1. After the first 
run samples of the obtained powder and of the condensate in the reactor lid were taken. Correspondingly the 
HCl / UAl3 ratio increased when additional runs were made. In all experiments the initial material as well as the 
products were weighted to evaluate the process mass balance.  
3. Results 
The XRD results of the chlorination reactions are summarized in Table 3.  
After all first runs light-green powder was obtained, as shown in Fig. 3. A white deposit started to form at the 
reactor lid about 20min after the start of the reaction. At the second 350 °C, 20 h run no weight change was 
detected indicating a high efficiency of the reaction already after shorter time. As a confirmation of this XRD 
results showed no remaining alloy in the product of the first 350 , 20 h run. Therefore an additional experiment of 
two times 2 h were realised at 350 °C. After the first run a grey-green powder was obtained indicating remaining 
alloy, which was proven by XRD. 
 
Even after the first run at 300 °C, 20 h no UAl-alloy was detected by XRD. The loss of weight after the second 
300 °C, 20 h run could be explained with the formation of uraniumdioxide due to leakage during the reaction. 
XRD results of the black-brown powder obtained in this run, revealed an amount of uraniumdioxide beside 
uraniumchlorides and –oxychlorides.  
 
Due to malfunction of the sample-holders used for analysing the condensate formed in the reactor lid, only the 
analysis of the material produced in the 400 °C experiment provided reasonable results. It mostly contained 
AlCl3, but a significant content of UCl4 was also found, which corresponds to the observation of a light green 
layer on the white deposit in the reactor lid. This was not expected. According to the calculations shown in Fig. 1, 
the formation of volatile uranium chlorides starts at higher temperatures. A possible explanation could be a 
higher ratio of HCl(g) / UAl3 due to the experimental setup. 
 
Table 3 summary of XRD results and of the masses of the chlorination process at a HCl(g) / alloy molar ratio of 25 
Process step mass(mg)  Composition of product (wt%), analysed by XRD 
T(°C) t init. prod. UAl2 UAl3 UCl3 UCl4 AlCl3 
init. Mat. - - 14.9 85.1 0.0 0.0 0.0 
300 20h 300.0 344.0 0.0 0.0 24.4 75.5* 0.0 
300 40h 217.3 172.2 0.0 0.0 1.5 98.5** 0.0 
350 20h 335.0 374.4 0.0 0.0 21.3 78.7* 0.0 
350 40h 251.4 251.4 0.0 0.6 0.0 99.4* 0.0 
350 120min 320.5 364.9 0.0 7.9 49.1 43.0 0.0 
350 240min 242.3 269.5 0.0 0.6 8.3*** 91.1* 0.0 
400 20h 
338.5 333.7 0.0 0.0 1.0 99.0* 0.0 
from reactor lid 0.0 0.0 0.0 3.5 96.5 
* including UOCl2 formed form UCl4 during handling with sample 
** including UOCl2 and UO2 formed from UCl4 during handling with sample 
*** including UCl3*6H2O formed from UCl3 during handling with sample 
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Fig. 3: initial material (left); material after 20 h of chlorination at 350 °C (right) 
4. Summary  
Calculations were carried out to find out the best reaction conditions for the chlorination of UAl3 by HCl(g), 
providing a complete chlorination without volatilisation of uraniumchlorides. Three temperatures (300, 350 and 
400 °C) were experimentally tested at a ratio of HCl / UAl of 25 / 1. Even at the lowest temperature, high 
chlorination efficiency was achieved after a chlorination time of 20 h. As main product light green UCl4 was 
obtained. The obtained results also indicate that a sublimation step to remove AlCl3 is not necessary. 
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